a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 9 ( 2 0 0 9 ) 9 2 0 -9 2 8 Histogram Optimal threshold value Gap fraction Litterfall Leaf area index (LAI) a b s t r a c t Leaf area index (LAI) is a key parameter that affects the surface fluxes of energy, mass, and momentum over vegetated lands, but observational measurements are scarce, especially in remote areas with complex canopy structure. In this paper we present an indirect method to calculate the LAI based on the analyses of histograms of hemispherical photographs. The optimal threshold value (OTV), the gray-level required to separate the background (sky) and the foreground (leaves), was analytically calculated using the entropy crossover method (Sahoo, P.K., Slaaf, D.W., Albert, T.A., 1997. Threshold selection using a minimal histogram entropy difference. Optical Engineering 36 (7) 1976-1981). The OTV was used to calculate the LAI using the well-known gap fraction method. This methodology was tested in two different ecosystems, including Amazon forest and pasturelands in Brazil. In general, the error between observed and calculated LAI was $6%. The methodology presented is suitable for the calculation of LAI since it is responsive to sky conditions, automatic, easy to implement, faster than commercially available software, and requires less data storage.
Introduction
Leaf area index (LAI), defined as the one-sided green leaf area per unit ground area (m 2 /m 2 ) is an important parameter in climate studies and is a key parameter used in land surface parameterizations. Leaf area determines substantially the vegetation-atmosphere exchanges of energy, momentum and mass (Monteith and Unsworth, 1990; Myneni et al., 2007) . A reduction in LAI decreases transpiration (Parton et al., 1996) , affecting the biochemical and hydrological cycle. Therefore, accurate representation of the seasonality and spatial varia-bility of LAI should improve estimates of surface water balance and productivity (Wright et al., 1996; Huete et al., 2006) , and consequently improve estimates of both deforestation and global warming impacts on regional and global climate (Nobre et al., 2004; Costa and Foley, 2000) . Direct measurements of LAI are laborious, destructive, and may not represent well the large spatial variability of complex canopy structure . The gap fraction method, an indirect approach, has been widely used to estimate LAI (Norman and Campbell, 1989) through the use of belowcanopy hemispherical images. The Norman and Campbell method assumes that the distribution of foliage elements is randomly dispersed, therefore the LAI for clumped canopy may be underestimated (van Gardingen et al., 1999; Stenberg, 1996) . The advantages of using hemispherical images including high-resolution images to estimated LAI are discussed in Jonckheere et al. (2004) and Weiss et al. (2004) . Its analysis requires the identification of two classes: the target or foreground (the leaves), and the background (the sky). This separation implies that the classes have distinct intensities, that is, thresholding the set of gray-levels into the background and the target by using the gray-scale histogram of an image (Sahoo et al., 1988; Jansing et al., 1999) . Jonckheere et al. (2005) presents a comparison of different threshold method for hemispherical photographs. Uncertainties in LAI from commercially available software to process hemispherical photographs are expected since the threshold selection is performed arbitrarily. Other errors depend on the field sampling strategy, including variation of zenith angle, diffuse fraction, and the intensity of solar radiation. The objective of this paper is to introduce an improved threshold selection method based on histogram analysis to calculate LAI. The proposed methodology was validated by comparing observed LAI over two contrasting vegetation types including the Amazon rainforest and pasture.
2.
Material and methods
Sites
Hemispherical photographs and observed data were collected in two experimental sites, a tropical forest and a pastureland site in eastern Amazonia. The Amazon forest site is located in the Tapajos National Forest, near a 67 m micrometeorological tower (381 0 1.2 00 S; 54858 0 14.5 00 W) installed near the km 83 post of BR-163 (Cuiabá -Santaré m highway), 70 km south of Santaré m, Pará , Brazil, and at 153 m above sea level (Miller et al., 2007) . The pastureland site is located in Santaré m, Pará state, Brazil, near a 20 m micrometeorological tower (380.714 0 S; 54832 0 11.47 00 W) installed at $5 km east of the km 77 post of the BR-163 Highway. Following deforestation in 1991, the site was a cattle ranch covered with managed grass (Brachiaria Brizantha) (Sakai et al., 2003) . The altitude, climate and soil patterns are similar to those of the forest site. In November 2001, the site was burned, plowed, and converted to a rice plantation.
Data
Hemispherical photographs (hereafter simply referred to as images) were collected using the CI-110 Digital Plant Canopy Imager (CID Inc., Camas, WA, USA) mounted on a tripod, aligned to magnetic north, leveled to 90 cm height aboveground (to the soil surface in the pastureland), and connected to a notebook computer. The device deploys a 1508 fish-eye lens image, recorded as 180,912 pixels, 24-bits gray-level files (BMP format) with 3 Â m Â n arrays. The set of images were captured using an azimuth angle range from 08 to 3608, and its zenith angle from 08 to 758. The image files were converted into eight-bit (2D) images by extracting one channel, which reduced to one-third the storage size. This procedure is justifiable since at the gray-level the three channels (blue, red, yellow) have the same values. The histogram analysis was performed using the converted set of images. For the analysis, each image was divided into seven 108-strips from 58 to 758 and the gap fraction and LAI were calculated for each annulus in a pixel-per-pixel basis (using the Interactive Data Language -IDL -6.0 running on a 1 GHz pentium III pc machine). LAI was also calculated using the device software (CI-110, Production 1.0, CID Inc. 1997, 1998, hereafter referred to as CI-LAI). During image capture, the brightness (luminosity) and contrast (between background and foreground) were tuned to provide visual quality. In general it was observed that high and low brightness values often led to low and high estimates of LAI, respectively. Although contrast and brightness should combine to give better estimates of LAI, their tuning also depended on sky luminosity and canopy architecture. At the forest site, images were collected at nodes of a 300 m Â 600 m regular grid that extended 500 m east, 100 m west, 150 m south, and 150 m north of the flux tower ( Fig. 1) . Litterfall was collected from September 2000 to August 2002 on a bi-weekly basis, over thirty 1 m 2 -traps 25 m intervals along two east-west transects (rows I and E, full circles in Fig. 1 ) (see Goulden et al., 2004 for details). The LAI estimated from litterfall collection will be denoted as litter-LAI. In the pasture site, six images were collected at each of three 1 m 2 -plots (referred to as A, B, C) on 6 June 2001, during overcast sky condition. At this site, the observed LAI was obtained by the destructive method immediately after image collection. 
2.3.

Calculated LAI using the entropy crossover method
We describe briefly the entropy crossover method (ECOM) for calculating the optimal threshold value (OTV) to separate the two classes of images (Sahoo et al., 1988 (Sahoo et al., , 1997 . The a priori entropy of the image, E, is
where p i is the density function or the normalized histogram (number of pixels with gray-level i, upon the total number of pixels). Let BP and WP be classes of black and white pixels, respectively. The a priori entropies for BP, E BP , and for WP, E WP , are defined using the threshold value, t, as
where pðBPÞ ¼ P t i¼100 p i ; pðWPÞ ¼ P 255 i¼tþ1 p i ; and p(BP) + p(WP) = 1. The OTV is calculated by finding the gray-level where the entropy functions E BP and E WP are equal, con-strained by (E BP À E WP ) 2 is minimum, 8t 2 (100, 255), so that the two functions crossover the gray-level dependence. The assumption that the OTV is in the range of 100-255 was determined from an initial histogram analysis and its main benefit is the reduction of the time processing. Examples of images collected are shown in Fig. 2(a and b) , and the processed thresholded images with OTV are shown in Fig. 2(c and  d) . In this example the OTVs were 183 and 130 for forest and pasture, respectively.
To calculate the LAI we use the gap fraction method described in Norman and Campbell (1989) . Briefly, the transmitted fraction (T) of a beam of radiation in a canopy with randomly distributed elements is given by the Beer-Lambert equation as
where K ij is the extinction coefficient at a zenith angle z i for a class of leaves j with inclination angle a. PAI is the effective plant area index. The extinction coefficient can be defined using a generalized ellipsoidal leaf angle distribution model proposed by Campbell (1986) a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 9 ( 2 0 0 9 ) 9 2 0 -9 2 8 Therefore a single parameter, x, determines the shape of the distribution. Eq. (3) can be solved for PAI and x using nonlinear least-squares regression technique. PAI is expressed as
where LAI is the leaf area index, WAI is the wood area index that depends on the vegetation type, and C is the clumping factor (Nilson, 1971) . A more accurate formulation for PAI should include a clumping factor for WAI. LAI was calculated in (5) using prescribed C and WAI (hereafter referred to as ECOM-LAI). The mean square error (MSE) between the transmitted light fraction optimized by the bisection method (T predicted ), and the transmitted light fraction measured over the seven annulus (T measured ) is defined as
The nonlinear least-square regression searches for values of x that will produce a reasonable fit to the input data of T(z i ). If the input data is inconsistent or contains too much error, large values of x are needed to avoid negative values of LAI (Norman and Campbell, 1989) . We observed that large constraints of x produced not only MSE larger than 1 but also discontinuities in the LAI vs. gray-level curve. Since LAI is less sensitive to error than x (Norman and Campbell, 1989) we used the MSE as a simple metric to accept or reject calculated LAI based on the following criteria: LAI is accepted if 0 MSE < 1; LAI is rejected is MSE ! 1. For simplicity, the MSE values larger than 1 were truncated to 1. The IDL software which performs the LAI calculation following the procedure described above is available at ftp://lba.cptec.inpe.br/lba_archives/CD/CD-04/ lai/gap_fraction/. On average the time required to process 100 images was 15 min.
3.
Results and discussions 3.1.
Tropical rainforest
Samples of calculated PAI, MSE, E BP , E WP, and the histogram for two images at the forest site collected during overcast sky condition are shown in Fig. 3(a and b) . The histograms show a high frequency around the gray-level 100, and then decrease with the smallest frequencies at gray-level 190. The peak at the gray-level 255 corresponds to the brightest pixels in the image. The transition zone from the foreground to background was expected to appear as an abrupt change in the histogram. However, this was not observed, likely because of the penumbra effect as a blurring zone between the leaves and the sky, but possibly also due to leaf reflection, leaf movement by wind and even pixel-size resolution (not specified by the manufacturer). The calculated OTV for these two images was 182 and 183 with a PAI value of 7 and 5 m 2 m À2 , respectively. PAI in Fig. 3(b) had to be rejected because the MSE between measured and predicted transmitted light fraction at the calculated OTV was greater than 1. Assuming that leaves recycle in 1 year, the accumulated literfall collected in row I and E (data available at ftp:// lba.cptec.inpe.br/lba_archives/CD/CD-04/lai) during Septem- ber 2000 to August 2001 showed a litter-LAI equals to 5.45 m 2 m À2 , which is comparable to the values between 4.5 and 5.5 m 2 m À2 reported by Roberts et al. (1996) over central Amazonia using the same methodology. We used the set of images collected during overcast sky condition on 22 and 23 June and 2000 (Table 1) to calculate the ECOM-LAI over the whole grid. Since canopy at this site is very closed we assume WAI = 0. Thus, the mean PAI was calculated to be 4.38 m 2 m À2 and consequently the clumping factor C (=PAI/LAI) was 0.8. Using this clumping factor we estimate that the spatial ECOM-LAI over our grid varied from 3 to 8 m 2 m À2 (Fig. 4) with a mean value was 5.70 AE 0.23 m 2 m À2 (Table 1) , 5% higher than the litter-LAI. The lowest values observed in Fig. 4 were due to patches with small clearings created during the tower building and a hut. Our result suggests a high spatial variability of LAI over Amazon forest in agreement with other studies. Using vertical radiation measurements over a rainforest in Venezuela, Anhuf and Rollenbeck (2001) found that LAI varied between 1.4 and 6.0 m 2 m À2 , with a mean of 4.24 m 2 m À2 . We compared the ECOM-LAI and CI-LAI values, using arbitrarily chosen thresholds of 50% (gray-level 127) and 75% (gray-level 191) in the CI-110 software. The LAI obtained were similar: 4.10 AE 0.62 m 2 m À2 and 4.20 AE 0.66 m 2 m À2 , respectively. On average, the CI-LAI underestimated the ECOM-LAI by about 28% and the litter-LAI by 24%. The calculated frequency distributions showed that CI-LAI was systematically lower than ECOM-LAI, with the main mode LAI values from 4 to 4.5 m 2 m À2 , while the ECOM-LAI's main mode showed values from 5.5 to 6 m 2 m À2 (Fig. 5) .
For measurements after logging, the clumping factor had to be reassessed. The LAI from accumulated litterfall from September 2001 to August 2002 was equal to 4.65 m 2 m À2 that, combined with the calculated ECOM-PAI for May 2002 (equal to 3.69 m 2 m À2 ), produced a clumping factor C of 0.79. With this clumping factor, the seasonal ECOM-LAI after logging was 4.40 AE 0.36 m 2 m À2 during the wet season (December 2001 , February-May 2002 , February-May 2003 Table 1 ), and 3.89 AE 0.06 m 2 m À2 at the end of the dry season (October 2002, Table 1 ). The average value was 4.52 m 2 m À2 ($3% lower than observed). The change of ECOM-LAI was of 19.8% before (5.67 m 2 m À2 ) and after the logging (4.52 m 2 m À2 ). Fig. 6 shows the monthly calculated ECOM-LAI and litterfall rates during the entire data period. The collected litterfall during 2000, 2001 and 2002 showed a bimodal annual pattern, with maximums in July (late wet to early dry season) and December (late dry season). Before logging and during end of the wet season and early dry season (May-July) the LAI showed maximum values. The persistence of maximum values during this period in different years is consistent with seasonality in LAI as reported by Myneni et al. (2007) . Although after-logging data for the same period was not collected, patterns in leaf senescence, with changes in LAI anticipating seasonal changes in precipitation are expected . Our results show that ECOM-LAI varied roughly between 4 and 6 m 2 m À2 with the peak value preceding the maximum litterfall data. The decrease of LAI 1 year after the selective logging has been discussed by Asner et al. (2006) and Miller et al. (2007) .
Clumping factor is an important parameter for the calculation of LAI and diverse methods have been proposed for its estimation (Lang and Xiang, 1986; Chen and Black, 1992; Chen and Cihlar, 1995; van Gardingen et al., 1999; Leblanc et al., 2005) . Improvements in LAI calculation can be obtained from proper clumping values that vary spatial and temporally. van Gardingen et al. (1999) reported that clumping factor in forests vary between sample and location due to the effect of tree spacing and canopy gaps. Seasonal variation in clumping factor is expected due to senescence and leaf flushing as inferred from litterfall data reported in this study. Improvements in LAI calculation can also expected from the use of high-resolution digital images produced by devices currently available and at affordable prices .
Pastureland
The histograms, PAI, MSE, E BP , E WP, for two images in the pasture site are shown in Fig. 7 . In pasturelands the optical path is shorter than in forest, and consequently the transition zone was well defined (e.g. in Fig. 7(b) ). At high luminosity the histogram reached values up to gray-level 240, with a well-distributed pattern (plot A in Table 2 , Fig. 7(a) ), whereas during cloudy conditions (dark clouds previous to rainfall) the maximum gray-levels were close to 170 (plot C in Table 2 , Fig. 7(b) ). Assuming WAI = 0 and the clumping factor equal to 1, the ECOM-LAI in plots A, B, and C were respectively 2.26 AE 0.46, 2.29 AE 0.93, and 3.22 AE 0.68 (in m 2 m À2 ), with the C.V. varying from 20% to 41% (Table 2) , suggesting considerable plant cover variability over each plot, and from plot to plot. The measured LAIs with the destructive method were 2.14, 2.29, and 3.14 m 2 m À2 , for plots A, B, and C, respectively Vertical dash-dot-dot line intercepts the crossover point (between the entropies E BP and E WP ) and the optimal threshold value (OTV).
( Table 2 ). The error of ECOM-LAI compared to measured LAI was 5.6%, 0.1%, and 2.6%, for plots A, B and C, respectively (Table 2) . On the other hand, the calculated CI-LAI with 50% threshold was 1.5 AE 0.3, 1.5 AE 0.4, and 1.8 AE 0.5 m 2 m À2 , and with 75% threshold they were 2.3 AE 0.3, 2.3 AE 0.4, and 2.6 AE 0.6 m 2 m À2 , for each plot, respectively (Table 2) . Therefore, CI-LAI underestimated the measured LAI at the 50% threshold but was comparable with the 75% threshold (except in plot C).
Conclusions
This work showed the usefulness of the entropy crossover method (ECOM) to determine the OTV for separating the foreground and background in hemispherical photographs. Together, the ECOM and the gap fraction method were suitable for the calculation of LAI. The robustness of the ECOM in working with different sky luminosity was a desirable characteristic for LAI calculation. The confidence of the calculated LAI from ECOM and the gap fraction methods was demonstrated over two different Brazilian ecosystems including Amazon rainforest and pasture, where the maximum error observed with respect to observations was $6%. This method also provided and estimate of the clumping factor, an important parameter for ecological and modeling studies.
Our methodology not only provides accurate estimates of LAI, but also is easy to implement, automatic, fast, and reduces the storage size of hemispherical photographs. As such, the calculated LAI values can be obtained in situ immediately after image collection. a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 9 ( 2 0 0 9 ) 9 2 0 -9 2 8
